The interactions between flowering plants and insect pollinators shape ecological communities and provide one of the best examples of coevolution. Although these interactions have received much attention in both ecology and evolution, their temporal aspects are little explored. Here we review studies on the circadian organization of pollination-related traits in bees and flowers. Research, mostly with the honeybee, Apis mellifera, has implicated the circadian clock in key aspects of their foraging for flower rewards. These include anticipation, timing of visits to flowers at specified locations and time-compensated sun-compass orientation. Floral rhythms in traits such as petal opening, scent release and reward availability also show robust daily rhythms. However, in only few studies was it possible to adequately determine whether these oscillations are driven by external time givers such as light and temperature cycles, or endogenous circadian clocks. The interplay between the timing of flower and pollinator rhythms may be ecologically significant. Circadian regulation of pollination-related traits in only few species may influence the entire pollination network and thus affect community structure and local biodiversity. We speculate that these intricate chronobiological interactions may be vulnerable to anthropogenic effects such as the introduction of alien invasive species, pesticides or environmental pollutants.
Introduction
During the Cretaceous Period, there was a remarkable radiation of insects along with the flowering plants (angiosperms) that they pollinated and fed on. Although many insect species pollinate plants, we focus here on bees, which are the most important and best-studied pollinators. Bees are also the principal crop pollinators in agricultural settings; most of the 75% of cultivated plant species that rely on insects for pollination depend on bees [1] . Worryingly, many recent studies (reviewed in [2] ) show evidence of large-scale global declines in pollinator richness and density, lending an urgency to studies of plant -pollinator interactions. The coevolution of bees and angiosperms involving numerous modifications in the morphology, phenology and anatomy of both bees and flowers [3] [4] [5] is also of interest as one of the best paradigms for studying co-adaptation. The diets of larvae and adults of most bee species depend exclusively on pollen and nectar from flowers [6] [7] [8] . Bees show notable behavioural adaptations allowing them to effectively find flowers, learn their location and morphology, and develop means to manipulate them to proficiently harvest their pollen and nectar [9] . In parallel, plants have developed traits to promote and facilitate these plant -pollinator interactions.
Successful pollination of plants by insects requires both spatial and temporal coordination of both partners. The scales of temporal coordination can range from & 2017 The Author(s) Published by the Royal Society. All rights reserved.
annual rhythms ensuring that pollinators are active at the same time of year in which flowers are available, to very short interval timing on the scale of minutes and seconds [10] . In this review, we focus on daily rhythms which are the best studied in both bees and plants. Although daily events can be coordinated by changes in environmental variables such as light intensity and temperature, numerous studies in both plants and animals have shown that many of these processes are also influenced by internal, approximately 24 h (circadian, which are distinguished from diel rhythms which are driven by external day-night oscillations) clocks that will free-run under constant conditions and are reset (entrained) by environmental changes [11] . In the context of this review, it is important to note that though the circadian clocks of plants and insects and other organisms do free-run they may be compromised by stimuli such as chemical contaminants, light pollution and other environmental insults (e.g. [12, 13] ). In general, it has been suggested that having a circadian clock may confer a selective advantage by allowing an organism to anticipate and prepare for predictable daily changes in its environment rather than reacting to changes. Moreover, the circadian system plays an important role in coordinating internal metabolic processes [14] . In recent years, rapid progress in molecular biology and physiology techniques has facilitated mechanistic and evolutionary investigations of the circadian clock of both plants and bees [15] . Below we review evidence showing how circadian systems are part of the toolkit regulating pollination in bees and flowers (figure 1), the implications of both plant and bee rhythms for ecological communities and the possibilities of interactions between the circadian clocks of the two taxa. We focus on chronobiological mechanisms that are driven by molecular, physiological and neuronal (in the case of pollinators) processes, and on how interplay between timing processes in bees and flowers may affect ecological processes. We also discuss what is known about the evolutionary processes that could have shaped this temporal interplay.
Circadian control of pollination-promoting traits in plants
Plants have developed many traits to promote and facilitate pollination by insects and other animals. These traits can be separated into three categories: those that attract pollinators, such as flower colour and scent, those that reward pollinators, such as nectar and pollen production, and the physical traits that enable pollination to occur, such as flower opening [16 -19] . Given that many of these pollination-promoting traits are accompanied by a high metabolic cost [20] and possible water-loss, control mechanisms, such as the circadian system, to ensure they only occur at the correct times of day, are clearly valuable. The ability to anticipate daily changes in their environment is particularly important for sessile plants, which cannot avoid unfavourable conditions (e.g. by contrast to animals, which can opt to move to a different environment, or stay in protected domiciles), and the plant circadian system regulates numerous physiological and molecular processes including chlorophyll biosynthesis, photosynthesis, starch metabolism, growth, leaf movements, stomatal opening and the expression of a large percentage of the genome [21] [22] [23] . The plant clock also modulates 'gating', the mechanism which ensures that the plant is sensitive to particular signals only at certain times of day; for example, plants may be more sensitive to the stress hormone ABA in the afternoon [24] . Plants also have seasonal rhythms, such as flowering time in many species, that may be controlled by the circadian system, via the photoperiodic pathway.
In this section of the review, we highlight what is known about circadian control of various pollination-promoting traits. Perhaps surprisingly, given the importance of the regulation of pollination to both agriculture and the environment, in recent years there have been relatively few in-depth studies of the circadian regulation of most plant processes involved in pollination. This possibly reflects the current focus for circadian rhythm studies on the model plant Arabidopsis thaliana, which has tiny flowers and, with an outcrossing rate of less than 0.3% in the wild, is predominantly self-pollinating. However, a dearth of reports of circadian rhythms in flowers does not mean that they do not exist; the absence of evidence is not evidence of absence. We are increasingly realizing that the circadian system affects almost all aspects of plant life and, to the best of our current understanding, every cell in a plant has a circadian clock [25] . Thus, it is likely that many of the diel rhythms reported in flowers, including those described below, are under circadian control. Scent is a complex composition of volatile organic compounds (VOCs); so far, more than 1700 VOCs have been identified. The composition of VOCs can vary greatly, not only between even closely related species, but also between floral organs, flowers of different ages and at various times of day [26 -29] . Given that controlled experiments testing circadian, rather than diel, regulation are available for only a few species, it is difficult to generalize at this stage, but the importance of the circadian system in regulating metabolic processes suggests that many more species may show at least partial circadian control of VOCs. In the plants that have so far been studied, it appears that scent production in night-pollinated flowers such as petunia (Petunia hybrida), wax plant (Hoya carnosa), flowering tobacco (Nicotiana sylvestris) and night-blooming jasmine (Cestrum nocturnum) [30 -33] is more commonly controlled by the circadian system while emission of volatiles in day-flowers such as white clover (Trifolium repens) [34] tends to be regulated directly by light, suggesting diel control. However, there are exceptions, for example, in the day-blooming common snapdragon (Antirrhinum majus), scent emission is controlled by the circadian system [35] . VOC production may also vary within a flower: while the most abundant VOCs in flowering tobacco, benzyl alcohol and methyl benzoate, are under circadian control, levels of at least one major VOC, caryophyllene, do not oscillate under constant conditions [32] .
The temporal expression of scent may be primarily regulated at the level of transcription of genes encoding metabolic pathway components [36] . The circadian system is clearly involved; the timing of volatile emissions in petunia was altered by mis-expression of LATE ELONGATED HYPOCO-TYL, a key circadian oscillator gene [37] . However, temporal regulation is complex. Around 30% of the A. thaliana genes are under circadian control and twice as many genes cycle in diel conditions [38] , so it is likely that many genes and pathways regulating scent production may be affected both by the circadian system and directly by changes in light or temperature. Adding complexity, the regulation of VOC emissions has been shown in roses (Rosa hybrida) to be under multiple layers of control; the transcription of the enzyme involved in synthesizing the scent component geranyl acetate is under a circadian control but levels of its substrate is light-regulated [39] . Intriguingly, overexpression of a key VOC metabolism transcription factor in roses altered the composition of the scent bouquet and affected the response of honeybees [40] . Thus, although more work is required to understand the extent to which the circadian oscillator regulates VOC emissions in different species, the circadian system may be an important aspect of the plant repertoire for regulating the timing and duration of pollinator visits.
(b) Nectar and pollen
Nectar and pollen may also serve as attractants for bees (see above). Nectar is an aqueous solution composed mainly of sugars with amino acids, proteins, lipids and a range of secondary metabolites. The timing of nectar secretion has been studied in several species. For example, squash (Cucurbita pepo) flowers show robust diel rhythms of nectar volume and concentration, with highest levels during the day when bees are active [41] . However, very few studies have addressed the question of whether the secretion is also under circadian control. One such study used wax plant flowers [42] and showed that nectar production oscillated under continuous light conditions with a maximum during the subjective night which corresponded with the pattern of floral scent emission and the presence of nocturnal pollinators [31] . Diel regulation of pollen production has been observed, especially in anemophilous (wind pollinated) plants, such as varieties of grasses (Poaceae), Roman wormwood (Ambrosia artemesiifolia) and maize (Zea mays) [43 -45] . To the best of our knowledge, however, there are no published reports of circadian rhythms of pollen release under constant environmental conditions.
(c) Organ movements
Although plants are sessile, plant organs demonstrate a surprising degree of movement. Circadian-regulated leaf movements were first reported by de Mairan in 1729 [46] and are still routinely used as markers for studying circadian rhythms in plants. In 1880, Darwin & Darwin published a book describing circumnutations, the elliptical bending movements executed by plant organs, including roots, hypocotyls, branches and flower stalks as they grow [47] , proposing that these movements are controlled by an internal apparatus. Much more recently, heliotropism (solar tracking) in the shoot apices (tips) of young sunflower (Helianthus annuus) has been shown to be controlled by the circadian system [48] . The apices shift from east-facing in the morning to westfacing in the evening and then back, and disruption of circadian control of heliotropism results in a loss of biomass. In older sunflowers, at anthesis (flower opening and anther dehiscence) the apices stop solar tracking and permanently face east. The authors of the study examined the implications of floral direction by comparing flowers set to face east or west and showed that east-facing flowers warm up more rapidly in the early morning and that this warming is associated with a fivefold increase in the number of pollinator visits.
The flowers of many plants open and then stay open permanently. However, in a range of species belonging to a large number of families, flowers open and close to match environmental conditions. Pollination success may be strongly dependent on the timing of flower opening and closure [49] , which determines the pollinator's ability to access the reward and the reproductive organs of the flower. Although most research has focused on flower opening in diel conditions, circadian rhythms have also been demonstrated for several species [19] including day bloomers such as field marigold (Calendula arvensis), common daisy (Bellis perennis) and kalanchoe (Kalanchoë blossfeldiana), and night bloomers such as night-blooming jasmine [33, [50] [51] [52] [53] . In at least some plants, entrainment of flower opening is flower-autonomous [16, 19, 50, 51] . For example, in field marigold the opening and closing follow the light/dark regime that each flower is subjected to, and leaf and buds on the same plant can be differentially entrained. Importantly, pollinators can have a role in setting the closure pattern of flowers; pollination of smooth hawksbeard (Crepis capillaris) causes rapid (within 1-2 h) flower closing; young flowers will reopen the following day [54] .
Circadian petal movement can be a result of differential growth or, possibly less commonly [19] , of cell expansion and contraction meditated by ion uptake. In kalanchoe [55] , there is uptake of potassium ions during the day, which rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160256 elevates cell osmolarity and increases turgor pressure resulting in cell expansion in the upper epidermis and petal opening. At night, ion levels decrease leading to low cell pressure and flower closure. By contrast, in marigolds circadian flower opening is caused by differential growth of petal parts [16, 56] . Plant growth is controlled by hormones such as methyl jasmonate, ethylene, auxin and giberellins and, in a number of different species, the circadian system has been shown to regulate hormone synthesis, signal reception and processing [57] . Not surprisingly, hormones can also play a role in circadian-controlled petal opening. For example, in kalanchoe, application of methyl jasmonate causes a shorter period of flower opening [58] .
(d) Coordination of pollination traits in flowers
In some plants, more than one trait has been shown to be under circadian control. For example, in coyote tobacco (Nicotiana attenuata) the circadian clock controls the movements of petals and the flower stalks (the pedicel), and the emission of the major volatile, benzyl acetone, and these are disrupted by mutations in key circadian clock genes [59] . Similarly, in night-blooming jasmine, the circadian system synchronizes flower opening and scent production. At times when the flowers open, the scent emission is at a maximum. Conversely, when the flowers are closed, no odour is emitted [33] . Thus, the circadian system can function both to allow plants to anticipate and react to predictable daily changes in their environment (for example, the end of the night and the arrival of early pollinators), and to coordinate pollination traits involving a range of processes from gene expression to movements.
The limited studies carried out to date have demonstrated circadian-influenced pollinator-attracting traits in many plant species from a range of families (figure 1). Given the already proved centrality of the circadian system to plants and the potential resource saving capacity of circadian control, we predict that many animal-pollinated flowers will be found to have at least one pollination trait that is under circadian control. The most likely candidates for circadian control are probably scent and nectar production, as these can be affected by circadian mediation of metabolic gene expression, and a large percentage of the plant genome is under circadian control, and substrate availability.
Circadian control of pollination-related activities in bees (a) Anticipation and foraging activity
Most bee species are day active (diurnal) [60] . Relying on the circadian clock to anticipate the time of sunset and sunrise may enable diurnal bees to most efficiently exploit the hours with sufficient sunlight for foraging. Moreover, there can be competitive advantages for bees in arriving early at flowers that have high amounts of nectar and pollen (see below). Consistent with the idea that internal clocks influence activity rhythms in bees are the observations that individually isolated foragers of bumblebees and honeybees typically show strong circadian rhythms in locomotor activity with higher levels of activity during the day even when kept under constant laboratory conditions [15, [61] [62] [63] . Under more natural conditions, foragers of several species of social bees, including the Western honeybee (Apis mellifera) [64] , the stingless bees Partamona helleri [65] , Scaptotrigona depilis [66] and Melipona bicolor [67] , and the large earth bumblebee (Bombus terrestris) [62] , show increased locomotor activity just before sunrise (anticipation) when still inside their nest cavity. Such anticipation has been observed even for cavitydwelling species with tightly thermo-regulated nests. This strong diurnal pattern of activity is consistent with the premise that an internal clock regulates their morning anticipation.
In solitary bees which do not live in a climatic-controlled nest environment it is more difficult to exclude the role of changes in ambient temperature or light intensity in the regulation of activity rhythms. One of the few studies in which the regulation of activity patterns was studied for a solitary bee focused on the large carpenter bee, Xylocopa (Proxylocopa) olivieri. The pronounced crepuscular (twilight, immediately after dawn and before dusk) activity pattern of this species was suggested to create a distinct temporal niche allowing the bee to forage at times of high floral rewards but low competition, and therefore allocate most of the daytime to nest defence [68] . Given that they start to forage before sunrise or sunset, it seems unlikely that foraging onset is triggered by light. Moreover, visits finish at the same times irrespective of temperature or season. Reward depletion can also be ruled out as the cause because the bees do not extend their foraging time to later hours in flowering patches in which the reward is artificially increased. All of which suggest that carpenter bee foraging may, at least in part, be under circadian control. Another study monitored the daily visit times of fragrancecollecting male orchid bees (Euglossine) to artificial chemical baits [69] . In the early morning, the number of visits was affected mainly by air temperature, but later, activity patterns correlated with time of day and not with ambient temperature, suggesting a potential circadian influence.
(b) Time-memory
Historically, the first involvement of the circadian clock in foraging behaviour to be discovered in bees ( published as early as 1900) was the timing of visits to flowers to correspond with periods of maximal reward availability [70] . A few years later, August Forel noted that bees arrived day after day at the same time to feed on his marmalade while he ate breakfast on his patio. The bees continued to arrive at the same time even on later days on which there was no marmalade reward available, leading him to suggest that bees have a 'time-memory' (Zeitgedächtnis) [71] . The discovery of time-memory in honeybees inspired a set of elegant studies by von Frisch and his colleagues who showed that foragers can learn multiple daily times of food reward (typically sugar syrup) availability, and can associate the time of reward with a specific location (time-place learning) [72 -76] . Forager honeybees can learn to arrive at a specified location at any time of the day and can learn as many as nine time points with intervals of only 45 min between feeder availability [77] . One of the first convincing pieces of evidence that time-memory is controlled by an internal clock came from a jet lag experiment in which honeybees that were trained in Long Island, New York, were flown overnight to Davis, California. On their first day in California these bees foraged according to the New York time rather than using local time cues such as the Sun position in the sky [78] .
range of entrainment (20 to 26 h cycles), similar to other circadian rhythms (reviewed in [61] ).
It is now commonly accepted that time-memory (and time-place learning) is different from entrainment. Whereas entrainment is resetting the clock to a new phase, timememory occurs when phase information (time of day) derived from an internal oscillator is 'stamped' in memory as a contextual feature to form associations with other contextual features [75] . More recent studies with honeybees show that the time of day can be associated with complex cognitive functions. For example, honeybees can retrieve different memories and learn to perform different tasks at different times of day [79, 80] . Time-memory learning is not limited to honeybees. Stingless bees have also been trained to arrive at artificial feeders at a certain time during the day. After training, the stingless bees anticipated the time of reward availability and arrived at the site even when the feeders were no longer available [81] [82] [83] . Time-memory was also suggested for the two solitary bee species Tetraglossula ventralis (Colletidae) and Heterosarellus sp. (Andrenidae) arriving at Ludwigia elegans flowers before the time of full anthesis [84] . Given that petal opening in this plant typically occurs 30 -60 min before full anthesis and may serve as a sign that there will be reward soon, additional studies are needed for establishing circadian regulation in this system. Nevertheless, the authors report that the bees typically left the flowers before the reward was depleted, suggesting that the circadian clock influenced their entire daily schedule. It should be noted, however, that the regulation of the temporal pattern of foraging activity is probably a complex process which may be affected by multiple internal and external factors rather than strictly determined by the bee's circadian system.
(c) Sun-compass orientation and dance communication
Honeybees use the position of the Sun as a celestial compass to find the way over relatively large distances to known food sources, and when homing back to their nests; they orientate themselves by maintaining a fixed angle to the Sun [73, [85] [86] [87] [88] . Even when it is overcast they are still able to detect light polarization which is correlated with the position of the Sun in the sky [73, 89] . The continuous daily and seasonal changes of the Sun position relative to the horizon pose a challenge to animals that use the Sun as a compass, but they can compensate for the Sun's movement over time by 'consulting' their circadian clocks. Phase shift experiments, including Renner's [78] classical jet lag experiments (described above), have confirmed that the circadian clock is key for time compensation. Time-compensated sun-compass orientation has also been reported for the stingless bee Trigona spinipes [90] . Recent studies suggest that bumblebees can detect polarized light [91] and have neuroanatomical structures similar to those found in other insects that use polarized light for navigation [92] , but, to the best of our knowledge, direct behavioural evidence for timecompensated sun-compass orientation is still missing for bumblebees as well as for species of solitary bees. The Sun's position in the sky also guides recruitment using waggle dance communication in honeybees (reviewed in [73] ). The angle between the straight line going through the waggling part of dance and the line pointing opposite to the centre of gravity denotes the angle between the line connecting the hive and the Sun position and the direct path to the food source (or putative nest site in scouts hunting for new nests). Foragers that stay inside the nest for long periods (e.g. owing to bad weather) rely on their clock to shift the direction of their waggle dance with a remarkable correlation to the Sun's path in the sky [72, 73] .
Synchronization between plant and bee circadian systems
Clearly, the circadian system of both plants and bees will be entrained by abiotic environmental signals such as light and temperature, but can they also entrain each other? Despite the importance of the topic for both crop production and ecosystem diversity, surprisingly little attention has been paid to the significance of circadian systems in shaping plant -pollinator interactions.
Pollinator visits might potentially affect flower rhythms. Floral opening and closing are possible points of synchronization between flower and bee circadian rhythms. However, most floral responses to pollination are probably too slow to affect rhythms of flower opening [93, 94] and those plants that are known to respond to pollination within a few hours, for example, Geraniaceae [95] , have not been shown to have circadian regulation of floral parts, or their circadian regulation is insignificant compared with other factors such as light and temperature [19] . Nevertheless, the possibility that pollinator visits may entrain floral opening rhythms should still be considered. If this interaction does occur, it may have ecological implications: it has been shown that a successful visit by an insect pollinator can significantly advance the time of flower closure and shape the temporal pattern of floral availability and the entire pollination network [54] . Flowers of the chicory subfamily (Cichorioideae) typically open in the early morning and close 1-2 h after pollination. Although to the best of our knowledge there is no evidence that the opening and closing of Cichorioideae flowers is regulated by an internal circadian clock rather than by environmental factors, this study is important because it highlights the potential importance of the temporal programme of dominant plants for ecological communities.
In contrast with the scarcity of evidence for pollinator influence on flower rhythms, it is well established that flowers can modulate the temporal organization of pollinator activity, and this may be mediated, at least in part, by the circadian clock. For example, in the stingless bee Melipona fasciata the daily onset of foraging activity is influenced by previous experience; successful foraging results in earlier departure on the following day [96] . It would be interesting to know whether this represents a genuine entrainment of the circadian clock, or a form of time-memory (see above) in which a memorized event is associated with a certain phase of the circadian cycle. We suggest that time-memory rather than entrainment is more commonly used by bees for timing visits to flowers. First, time-memory does not require shifting the phase of the circadian clock, which is also involved in multiple other processes, including those related to social organization. Second, time-memory allows the flowering times for several flower species and locations to be recorded.
It is tempting to speculate that plant -pollinator coevolution included circadian system modifications. Wild petunia rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160256 flowers and their pollinators potentially provide an example of such coevolution. The violet petunia (Petunia integrifolia) is naturally pollinated by day-visiting bees (mostly by Leioproctus spp., subgenus Hexantheda, members of the plasterer bee family Colletidae) while the sympatric large white petunia (Petunia axillaris) flowers are visited by night-active moths such as hawkmoths (Manduca sp.). Controlled laboratory experiments under diel and constant light conditions show that the large white petunias release benzenoid VOCs with a circadian rhythm and an emission peak at night, which is absent in violet petunias. When odours from flowers of different petunias are applied directly to the excised antennae of female hawkmoths (Manduca sexta) the large white petunia odours elicit stronger responses than violet petunia odours, and the response is stronger for night-collected fragrance [97] . Thus, this study is consistent with the premise that a pollinator species has evolved to respond specifically to odours of specific flowers it commonly visits. Similarly, the antennae of honeybee foragers show elevated responsiveness to flower odours during the day [98] . Additional studies will be needed to explicitly test the hypothesis that plant -pollinator coevolution shaped properties of their circadian systems.
The potential influences of plant and pollinator circadian rhythms on ecological communities
Given the key roles of plants in shaping ecological communities and the mutual dependence of flowering plants and pollinators, the temporal organization of their interactions may have broad implications on ecological systems. For example, the temporal organization of flower reward availability and bee foraging activity may affect the degree of competition, and may lead sympatric plant and/or pollinator species to either exclusion or coexistence. In plants, temporal partitioning of pollinator attraction times may minimize pollen loss due to transfer to heterospecific flowers. The most basic concept in this context is the 'temporal niche' which means that time-based variation in resource consumption rates can allow two or more competitors to coexist while limited by the same resource [99, 100] . In the context of pollination ecology, this may mean that sympatric plant species that share the same pollinators, but partition the time during which they provide pollen or nectar rewards, can coexist in the same community despite the competition for pollinators.
(a) Plant diversity
Temporal partitioning is expected to be beneficial to plants because it reduces competition, and to visiting pollinators because they can more effectively exploit rewards provided by multiple flower species at different times during the same day. Consistent with this premise, Armbruster & Herzig [101] described two sympatric species of Dalechampia plants that differ in flower opening time during the day. The inflorescences of Dalechampia heteromorpha are open and produce pollen and resins early in the morning, whereas in Dalechampia scandens this occurs only during the afternoon. Solitary bee pollinators of the genus Hypanthodium and highly eusocial stingless bees of the genus Trigona exploit the first species during morning hours and then switch to the other during the afternoon, hence minimizing the competition between the two plant species, as well as heterospecific pollen transfer. Similarly, records of pollen presence indicate clear temporal separation of pollen availability in flowers of sympatric Acacia species which bloom in the same season. Although the visitor assemblages of the different species are overall different, there are some pollinators, particularly a small group of solitary bee species of the family Megachilidae, that visit four different Acacia species, and switch between them in line with the time of maximal pollen reward [102, 103] . It is possible that colour or odour changes in the Acacia flowers during pollen dehiscence are being used as cues by the bees or that the bees rely on time -place learning but use the cues from the trees to finetune the temporal organization of their foraging activity. Interestingly, gum arabic trees (Acacia senegal) bloom later and their pollen dehiscence time is more synchronous in communities where they grow together with a related species, A. zazibarica, than in communities where A. zanzibarica is absent [103] , suggesting a competitive character displacement and convergent selection of pollen dehiscence time at the population level. A temporal partitioning of blooming time was also described for two sympatric Mexican Acacia species, with evidence that this minimizes both competition and unwanted heterospecific pollen transfer [104] . Despite the paucity of studies, we suggest that temporal partitioning may be important for plant -pollinator relationships, and therefore, more common than currently acknowledged. Given the evidence for circadian influences on pollinationrelated traits in insects, we speculate that selection acting on genes involved in rhythm generation or entrainment may contribute to temporal portioning, at least in some systems. This is an important topic for future research in eco-chronobiology.
(b) Pollinator diversity
Temporal partitioning can also reduce competition between pollinators and allow for coexistence of species exploiting similar resources. Pollination networks provide an excellent tool for assessing both temporal (time of day in this context) and trophic (the food sources they consume) niches of species coexisting in the same habitat. A network analysis for six sympatric neotropical carpenter bees (Xylocopa spp.) on mixed crop agricultural land in northern Brazil showed that bees are more strongly separated in the temporal niche dimension than in the dietary dimension [105] . The results further suggest that the relative importance of the dietary (trophic) and temporal niches is not fixed and may change with variables such as time of year or climate. For example, in a dry tropical forest in northern Brazil the overlap in activity time increases, and temporal niche partitioning decreases, when bees can forage only during the few hours a day in which the temperatures are not too high [106] . An important implication of this temporal influence on pollination is that the pollination networks at the same location could vary with time of day, for example, being significantly different before and after noon. The presence of ecologically dominant species with a strong temporal flowering time can have significant influence on the pollination network and local biodiversity. Studies on meadows in Germany that are dominated by morningflowering Cichorioideae plants reveal the extent to which Cichorioideae plant species dominate the habitat and shape the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160256 dynamics of interactions among pollinators within the course of a day, including the number of pollinator visits recorded on flowers of other plant species. Some flowers, such as the common yarrow (Achillea millefolium), are mainly visited during the afternoon in networks with a high proportion of Cichorioideae, but during the morning in networks with a low proportion of Cichorioideae. These observations suggest that the visitation rate to common yarrow is reduced during the morning owing to competition for pollinators from Cichorioideae [54] . Additional studies, however, are needed to determine whether the observed oscillations are driven by ambient time givers or internal circadian clocks. The importance of this study is that it shows that the temporal organization of flowering in even a small number of plant species can have a profound effect on the times at which other plants in the same habitat are visited. Thus, circadian influence on pollination-attracting traits in even a few species may have a great influence on the entire pollination network, and accordingly, on pollinator biodiversity.
A fitness benefit of the increase in number and diversity of pollinators owing to temporal niche partitioning among pollinators may be an increase of plant fecundity. There is evidence that an increase in number or diversity of pollinators can improve seed and fruit set (the proportion of a plant's ovules and flowers that develop into mature seeds and fruits, respectively [107] ). The improved fecundity is thought to stem from the 'complementary effects' of pollinators with diverse body size, morphology and behaviour [108] . The idea is that different pollinator types complement each other by reaching flowers in different parts of the plant, at different points in time, or by contacting different parts within the same flower. For example, in pumpkins (Cucurbita moschata), seed set was better correlated with the number of visiting bee species than with the total number of bee visits [109] . On a larger scale, an analysis of data collected worldwide from 600 fields of 41 crop systems shows that an increase in wild insect visitation enhances fruit set by twice as much as an equivalent increase in honeybee visitation and that the influence of honeybee pollination is complementary to that of wild bees [107] . For example, pollinator richness may improve within-flower pollen dispersal if early-visiting large bees carry a large amount of pollen between flowers, whereas later-arriving smaller bees may distribute pollen more effectively within flowers. A more specific contribution of complementary time of pollinators active during different times during the day was shown for the hedgehog cactus (Echinopsis chiloensis). More seeds were produced by plants visited by both bees during the day and hawkmoths during the night, compared with plants for which pollinator visits were prevented during either day or night [110] . The increase in pollinator diversity and its temporal complementary effect on plant fecundity may explain why many plants invest in offering floral reward over many hours during the day, or at several different times of the same day (e.g. [110] [111] [112] ). The hypothesis that pollinators that visit flowers at different times during the day complement each other and by that improve fruit quantity or quality has an obvious economic value and should be tested for key crops.
Conclusion and future perspectives
Both plants and insects show temporal organization of pollination-related activities. The circadian system has been implicated in the regulation of various aspects of foraging behaviour of individual bees as well as in social processes that determine the proportion of bees a colony allocates to foraging activities (see above and [15, 61] ). In plants, there is evidence for circadian regulation of pollination-related activities such as flower opening, scent release and reward (e.g. pollen and nectar) availability.
However, despite the potential importance of circadian rhythms for plant -pollinator interactions, our review highlights significant gaps in our knowledge. On the pollinator side, most of the research has focused on a single species, the European (or Western) honeybee. We do not know the extent to which time-memory and time-compensated suncompass navigation are important for the foraging behaviour of non-Apis pollinators. Honeybee societies are large, typically composed of thousand to tens of thousands of individuals, and forage over large areas for which efficient orientation, visit timing and recruitment (e.g. waggle dance communication) are functionally significant. By contrast, most bee species are solitary or live in simple societies, and forage over much shorter distances. Thus, it is not clear the extent to which the findings for honeybees (and to some extent bumblebees and stingless bees) can be generalized to ecological or agricultural systems that are not dominated by honeybees (or more generally, social bees).
Circadian rhythms have been well characterized in many plant tissues and organs, but floral circadian rhythms are poorly understood; few attempts have been made to distinguish rhythms driven by the endogenous circadian clock rather than by the environment. The few species in which floral rhythms have been studied do not allow us to provide even a crude estimate of the extent to which floral rhythms are under circadian, as opposed to diel, control. We can speculate that the potential of the circadian system for coordinating molecular, metabolic and physiological responses and for allowing the plant to anticipate environmental changes and, possibly, pollinator visits, as opposed to just reacting to the environment, means that in the future we will find that many diel rhythms are also regulated by circadian clocks. Given that circadian rhythms in pollination-facilitating traits have been well characterized for only a few species of plants and pollinators, caution should be exercised when attempting to estimate the influence of the interplay between the timing systems of plants and pollinators at the ecological level. Nonetheless, the second part of our review lends credence to this idea by showing that chronobiological interactions between pollinators and flowers may influence diverse ecological processes. Plants and pollinators can have profound influence on the temporal niche of each other; the interplay between their daily rhythms can affect biodiversity, interspecific competition and interaction networks. On an evolutionary scale, the interplay between temporal processes in plants and pollinators could lead to coevolutionary modifications in the circadian system or in other systems controlling the response to environmental cycles (for example, in photoperiod or temperature cycles). Nevertheless, our review suggests that even if pollination-related traits are circadianly regulated in only a few species of plants, this may have profound influence on the entire pollination network, which in turn can affect biodiversity, and community structure.
Future studies are also needed to explore the mutual influences of pollinators and flowers on each other's circadian clock systems. Can the time of flower reward availability entrain the clock of bees and other visitors, and can the time of pollinator visit shift the rhythms of flower opening or closing, or the time flowers provide pollen or nectar? Bees can indeed be trained to arrive at flowers at specific times of reward availability, but very little is known about the neuronal mechanisms underlying this fascinating behaviour. How and where in the central nervous system is time of day information associated with information on floral rewards? Are there special cells in the brain circadian network that are in charge of this task? Studies such as those with sympatric Acacia species, described above, suggest that the phase of flowering rhythms can be influenced by the presence of other flowering plants that may compete for pollinator visits. Moreover, we do not understand what mediates temporal plant -pollinator interactions at both ecological and evolutionary time scales. To what extent and how do plants adjust their flowering time during the day to minimize potentially harmful competition? Clearly, the chronobiology of plants and pollinators deserves more attention from ecologists studying plant communities, species diversity and pollination networks.
Given the evidence that the circadian clock is crucial for foraging behaviour in honeybees and other bee species (and probably other pollinators), it is important to assess influences of environmental stressors on their circadian functions. For example, insecticides such as neonicotinoids influence many neuronal and behavioural functions in insects [113] and it is reasonable to suspect that neuroactive chemicals may also affect the brain circadian network and the behaviours it controls. Invasive species may also change the temporal pattern of pollination networks, which in turn, can pose strong competitive challenges to local species with narrow temporal niches. Our unpublished results suggest that invasive (or range-extending) bumblebees (Bombus terrestris) arrive at flowers during the early and cold morning and deplete non-replenished pollen from many flowers (N. Bar-Shai and G. Bloch 2016, unpublished results; figure 2 ). Later-arriving native solitary bees may suffer reduced pollen availability in areas into which bumblebees have recently extended their distribution range. Species with specialized temporal niches such as the crepuscular Xylocopa (Proxilocopa) olivierri [68] may be particularly vulnerable to invasive species that can exploit resources available during their restricted time of activity. Similarly, invasive plant species can dominate habitats and attract many pollinators, hence reducing the pollination services available to native species during at least part of the day [54] .
In summary, although the interplay between the circadian clocks of bees and flowers has been little explored, we believe that the evidence summarized above is sufficient to convince chronobiologists, ecologists, entomologists and botanists that this theme is promising. There is solid evidence that pollination-related traits of both plants and bees are under circadian control, and evidence that diurnal rhythms can affect various ecological processes. Importantly, the ecological importance of circadian clocks does not require that all, or even most pollinators or flowers show strong circadian rhythms-even a few species with strong circadian rhythms in pollinationrelated traits may have profound influence on the entire pollination network, and consequently, on the structure of ecological communities and biodiversities. In the future, we predict that understanding the mechanisms by which circadian clocks influence plant-pollinator systems, and their vulnerability to environmental stressors, may improve crop production and help mitigate decline of pollinators.
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